Abstract-This paper discusses a pedagogical approach to II. SUPERPOSITION IN SPIN-1/2 SYSTEMS important primitives of superposition and entanglement in Quantum Computing from physics of spin-1/2 particles. System of The dynamical state of a particle in classical mechanics spin-1/2 particles present a logical and conceptual candidate to is described by the values of its dynamical observables like understand quantum computing and how it can be realized in position q(t) and momentum p(t) as a function of time. If nano devices using spin-1/2 particles, the particle is moving in a potential of known form then, for given initial conditions, the values of the observables can
I. INTRODUCTION
be predicted with certainty, at least in principle. However, if the force acting on the particle is random then it may Quantum information processing (QIP) is set to change not be possible to predict with certainty the values of all of computation and communication in a way inconceivable by its observables. A familiar example of this situation is the our classical perceptions. QIP derives its power, not from motion of atoms constituting a gas. Every atom in a gas any revolutionary advances in the existing technologies, but is subject to collisions with other atoms. The collisions are from the logical system based on the quantum mechanical random giving rise to randomness in the motion of the atoms. formalisms of superposition and entanglement. Superposition The values of dynamical observables q, p of an atom in this refers to the possibility of a system existing as a linear case can not be evaluated deterministically. They are described combination of different states commensurate with the given statistically in terms of a probability distribution functionftq,p) conditions. It manifests in the form of observable interference where f(q,p)dqdp gives the probability that the position and effects between those states even in the particle description, momentum of an atom in the gas lie in the interval q, q+dq and Recall that in classical mechanics, interference is a character-p, p+dp. The theory predicts average values of observables.
istic of waves not expected of particles.
The theoretical predictions are compared with experiments by Entanglement refers to correlated states of two or more par-carrying measurement of the observables on a large number ticles. There is nothing quantum mechanical about correlations of identical systems and by averaging the outcomes of such per se for example, consider an experiment in which pairs of measurements. particles are created such that their total linear momentum In contrast with the classical theory, quantum theory does is zero. Hence, if the momentum of one of the particles not assign definite values simultaneously to all the observables, of a pair is found to be p in some direction then that of like position and momentum, even in potentials of definite the other in that direction will certainly be found to be -p. form. It makes only statistical predictions about the values of This means that the value of the momentum of one particle the obervables. Hence, quantum theoretic predictions are comdetermines completely that of the other i.e there is a correlation pared with average result of identical experiments performed between their momenta. There is apparently nothing quantum on identical systems. mechanical about it. However, if remotely placed measuring
In quantum theory, an isolated system is represented by the devices are assumed to be uncorrelated then it turns out vector denoted, following Dirac, by the symbol 1) called a ket.
that certain characteristics of correlations between systems Thus a particular state of a system may be denoted by IO We have seen that an isolated quantum system is debetween the expansion coefficients. The complex number scribed by a set of probability amplitudes each for an
Ci is called the probability amplitude for the system admissible value of an observable or a set of observables to be in state la). What is the physical significance of which can be measured simultaneously to any degree of probability amplitude?
accuracy. Consider now a system consisting of two subsystems denoted by A and B. In principle, quantum theory
The physical significance of the probability amplitude permits measurement of any observable of A and any is contained in the so called measurement problem of observable of B simultaneously to any degree of accuracy.
the quantum theory. (2) Now, let the probability amplitudes C%j be such that they
The average value of the observable O then is reduce to the factorized form Kf) 7 ila~i 2
1U') = l U')l0b) (7) in quantum theory. The consequences arrived at below then the quantum-theoretic expression for this probability by invoking the notion of joint probability are, therefore, is found to be given by [8] strictly classical.
Next, recall that the probability p(Xi, is found to be aligned in any direction a then we know on the left hand side of (9) may be expressed in terms that the other spin is aligned along -a. This is evidently of the joint probabilities for three directions introduced consistent with the discussion following (7). above. For example, 9) relations of the type (10) for the probabilities appearing in where 0ab, 0bc, Oacare the angles between the directions (9), and the requirement that all the probabilities be non identified by the respective subscripts. The Eq.(9) is negative. These conditions lead to the inequality[2,4] as quantum theoretic prediction. follows Let us now examine the probabilities on the left hand side of (9) by treating the two spins as classical two-state p(±a; +b) + p(+b; +±) -p(+a; ±5) > 0 (11) objects. In this picture, each of the spin component can assume the values ±1/2 with yet to be specified probacalled a Bell's inequality. Recall that the corresponding
bilities. An important identity in the classical description quantum theoretic result is the equality (9). That equality involving the probabilities appearing on the left hand need not respect the inequality (11)n A violation of (11) side of (9) The pillars of QIP, namely superposition and entanglement thus can not be built by any classical prescription! V. CONCLUSION Thus pillars of QIP namely superposition and entanglement play an important role in our understanding of physics at the quantum scale. The pedagogical understanding of QIP primitives by physical spin-1/2 systems gives a new outlook to understand how quantum information derives its meaning from physics of the quantum. Also it motivates us to look for more physical systems as resources in information processing.
